Metolachlor metabolites frequently constitute a majoracetamide] transported in surface runoff is retained by vegetative fility of metolachlor's measured concentration in hydroter strips to a greater degree than either metolachlor oxanilic acid logic systems (Kolpin et al., 1996(Kolpin et al., , 2000; Thurman et al., by (i) facilitating the deposition of sediment-adsorbed desorption isotherms were determined using the batch equilibrium compounds (Arora et al., 1996; Asmussen et al., 1977; procedure. With the exception of a 1.7-fold increase in organic carbon Barfield et al., 1998; Patty et al., 1997; content in the VFSS, the evaluated chemical and physical properties
By design, vegetated filter strips accumulate greater above-and belowground organic matter compared with adjacent cultivated soils (CS) (Benoit et al., 1999; Blanche et al., 2003; Rankins et al., 2002; Staddon et M etolachlor is used for preemergence and postal., 2001) . Organic matter significantly affects herbicide emergence weed control in a variety of crops including corn (Zea mays L.), cotton (Gossypium hirsusorption. Greater metolachlor (Staddon et al., 2001 ), tum L.), and soybean [Glycine max (L.) Merr.] (Ahrens, fluometuron (Rankins et al., 2002; Blanche et al., 2003 Blanche et al., ), 1994 . In soil, metolachlor is metabolized by microand isoproturon (Benoit et al., 1999) sorption has been organisms (Al-Khatib et al., 2002) . The two primary reported for VFSS compared with CS. Similarly, greater metabolites of metolachlor are ESA and OA (Hostetler atrazine (Dozier et al., 2002) , metolachlor (Dozier et al., and Thurman, 2000; Phillips et al., 1999; Yokley et al., 2002) , and fluometuron (Blanche et al., 2003 (Blanche et al., ) adsorption 2002 (Fig. 1) . Metolachlor ethanesulfonic acid formahas been reported for bermudagrass (Dozier et al., 2002 ) tion occurs through glutathione conjugation, a common and switchgrass (Blanche et al., 2003 ) thatch compared detoxification process for several organisms (Aga et al., with CS (Dozier et al., 2002; Blanche et al., 2003) and 1996; Field and Thurman, 1996) . Pathway(s) describing VFSS (Blanche et al., 2003) . In these experiments, metothe degradation of metolachlor to OA are unknown.
lachlor (Staddon et al., 2001) , isoproturon (Benoit et Surface runoff can transport metolachlor and metoal., 1999) , and fluometuron (Rankins et al., 2002) delachlor metabolites to surface water bodies including sorption was greater for CS than VFSS. rivers, lakes, and streams (Aga and Thurman, 2001;  In our previous work, vegetated filter strips retained dissolved-phase metolachlor transported by surface run-L.J. Krutz, S.A. Senseman, and K.J. McInnes, Department of Soil off to a greater extent than the metabolites (Krutz et 
Adsorption
to the vegetated filter strips have been in a corn-sorghum rotation. Soil samples were collected from the top 0-to 5-cm Metolachlor, ESA, and OA adsorption isotherms were dedepth from the VFSS and CS. The soil samples were air-dried, termined for VFSS and CS with the batch equilibration techpassed through a 2-mm sieve to remove roots and verdure, nique at 24 Ϯ 2ЊC. A 5-mL aliquot of each chemical solution and stored at 22 Ϯ 2ЊC for less than 3 wk before initiating was added to 1 g of soil in a 50-mL glass centrifuge tube experiments. Particle size distribution was determined with resulting in a water to soil ratio of 5:1. Each concentration the hydrometer method (Bouyoucos, 1953) . Organic carbon was replicated four times. Slurries were placed on a reciprocal content was measured by combustion in a medium-temperashaker for 24 h and then centrifuged at 2000 ϫ g for 20 min ture induction furnace (Allison et al., 1965) and corrected for at 24 Ϯ 2ЊC. Three milliliters of supernatant solution was total inorganic carbon (Dremanis, 1962) . Soil pH (1:1) was removed from each tube. One milliliter of the equilibrium determined as described by Thomas (1996) . Soil data are presupernatant solution was mixed with 10 mL of Ecolite (ϩ) sented in Table 1. liquid scintillation cocktail (ICN Biomedicals, Irvine, CA), and the 14 C content was analyzed by liquid scintillation spec- trations, appropriate soil to solution ratios, and equilibra- † Cation exchange capacity.
tion time.
Desorption
Desorption isotherms were obtained from the adsorption samples in equilibrium with the largest initial concentration in solution. Three milliliters of supernatant solution was removed from the centrifuge tubes and replaced with an equal volume of 0.01 M CaCl 2 solution. Soil pellets were dispersed using a vortex shaker, and tubes were placed on a reciprocal shaker for 24 h at 24 Ϯ 2ЊC. Tubes were then centrifuged for 20 min at 2000 ϫ g. One milliliter of the desorption equilibrium supernatant solution was removed and mixed with 10 mL of Ecolite (ϩ) liquid scintillation cocktail, and the 14 C content was analyzed by LSS. The sorbed concentration was calculated as the difference between the supernatant concentration and the remaining total chemical content after subtracting the amount of chemical removed. The desorption procedure was repeated three times for a total of four 24-h desorption periods.
Coefficients were calculated using the linearized form of the Freundlich equation: OA were at least 71% lower than the values for meto-
[3] lachlor in both soils. Thus, the sorption of metolachlor is greater than the sorption of ESA and OA in both ϭ {[(1/n ads )/(1/n des )] Ϫ 1} ϫ 100
[4] soils. Our sorption data for OA are consistent with the results presented by USEPA (1995) where they conStatistical Analysis cluded that OA has the potential to be extremely mobile in the environment. In addition, our data indicate that
Regression analysis was performed on adsorption and dethe potential for ESA mobility is as great as that of OA.
sorption isotherms. The 95% confidence intervals were calcu-
The Freundlich adsorption constant, 1/n ads , is a mealated for K f and 1/n values. The terms K d , K oc , and were sure of adsorption nonlinearity. When n ϭ 1, adsorption analyzed by analysis of variance (ANOVA) for a completely randomized design using SAS (SAS Institute, 1999) with treatis linearly proportional to the equilibrium solution conments in a 3 ϫ 2 factorial arrangement (compound ϫ soil).
centration, and a distribution coefficient (K d ) is more
Contrasts were not orthogonal, but were chosen for the objecappropriate for making comparisons among treatments tive of the study. To control experiment-wise error, signifi- . The 1/n ads values ranged cance of a contrast was evaluated only if the corresponding from 0.92 to 1.09, and the 95% confidence interval for overall F test was significant (P Ͻ 0.05).
all 1/n ads values contained 1 (Table 2) . Despite some nonlinearity in the adsorption isotherms due to higher , and 1.6 to 7.8 L OA are 0.04 L kg Ϫ1 for a Maryland sand and 0.171 for were not different between soils, it is unlikely that the across all equilibrium concentrations to obtain a single mobility of ESA and OA will be reduced in the VFSS. estimate of K d (Table 3) .
RESULTS AND DISCUSSION
The K d values for metolachlor were greater than the Our metolachlor K d values are higher than published K d values for ESA and OA in both soils (Table 5) . results of 1.0 to 2.5 L kg Ϫ1 Relative to metolachlor, K d values for ESA and OA and 1.6 to 2.3 L kg Ϫ1 (Staddon et al., 2001 ). The K d were at least 82% lower in both soils. These data indivalues for ESA and OA have not been published. The cate that ESA and OA will be more mobile in soil than OC content of the VFSS and CS is at least three times metolachlor. This conclusion is supported by a largehigher than the OC reported by Seybold and Mersie scale surface and ground water monitoring study where (1996) and Staddon et al. (2001) . Since metolachlor ad-88 municipal wells and 12 streams in eastern Iowa were sorption has been directly correlated with OC content sampled for chloroacetanilide herbicides and their me- (Braverman et al., 1986; Patakioutas and Albanis, 2002; tabolites (Kalkhoff et al., 1998) . In that study, the conObrigawitch et al., 1981), the elevated K d values for centration and detection rate for ESA and OA exceeded metolachlor in this experiment compared with pubthat of metolachlor in both surface and ground water lished results are probably due to the greater OC consamples. Similarly, the concentration of ESA and OA tent of the soils we evaluated.
in tile drains beneath CS in central New York were 10 The model F test indicated a significant difference to 1800 times higher than those for metolachlor (Phillips in K d values among compounds and soils (Table 4) . et al., 1999) . Since ESA and OA are formed in surface Specifically, there was a compound by soil interaction soils, their detection in ground water and tile drain water (Table 4) . Therefore, simple effects were evaluated indicates that these metabolites are leachable. (Table 5 ). The K d values for metolachlor were 88%
Values of K d can vary drastically among soils due to higher in VFSS than in CS. Conversely, K d values for the quantities and composition of soil components. ESA and OA were not different between soils (Table 5) .
Since OC is typically considered the primary soil compoThese data demonstrate the greater capacity of the nent responsible for the sorption of nonionic herbicides VFSS to sorb metolachlor and the inability of the VFSS (Shea, 1989) , K oc values are widely used to predict herbito increase ESA and OA sorption. cide sorption. However, this normalization assumes that In this study, higher OC in the VFSS compared with organic matter is the primary soil component controlling CS probably contributed to enhanced metolachlor sorpsorption, and that the sorption properties of organic tion (Benoit et al., 1999; Blanche et al., 2003 Table 3 . The K oc values for metolachlor are within the range of published results isoproturon (Benoit et al., 1999) , and fluometuron Table 5 . P values for simple effects of compound and soil on the soil distribution coefficient (K d ) and soil adsorption coefficient normalized for organic carbon (K oc ) for vegetative filter strip soil (VFSS) and cultivated soil (CS) and the compounds metolachlor (MET), metolachlor ethanesulfonic acid (ESA), and metolachlor oxanilic acid (OA). (Dennis Tierney, personnel communication, 2003) . Metolachlor ethanesulfonic acid's water solubility is not available. In general, K oc increased as water solubility decreased. This is a common trend for several herbicide classes (Shea, 1989; .
Desorption
The desorption isotherms for metolachlor, ESA, and OA are presented in Fig. 3 , and calculated K fdes values and their associated 95% confidence intervals are presented in Table 6 . Desorption isotherms for all compounds were adequately described by the Freundlich equation (r 2 Ն 0.83). The K fdes values for metolachlor are within the range of published results of 1.3 to 6.5 L kg Ϫ1 and 5.9 to 51.6 L kg (Zhu and Selim, 2000 and 506 L kg Ϫ1 (Patakioutas and Albanis, 2002 (Table 4) . A compound by soil interaction was detected by the GLM were at least 66% lower than the values for metolachlor in both soils, and the K fdes values for ESA and OA were (Table 4) . Therefore, simple effects were evaluated (Table 5). The K oc values for metolachlor were 13% higher not different between soils. The Freundlich 1/n des value describes nonlinearity in in VFSS than in CS. Conversely, Staddon et al. (2001) reported higher K oc values for metolachlor in VFSS than the desorption isotherm and is often used as an index of hysteresis (Ma et al., 1993) . In this experiment, the in CS. The K oc values for OA were 34% lower in VFSS than in CS. Although not statistically significant (P ϭ 1/n des values were smaller than the 1/n ads values for all chemicals. The degree of hysteresis () was quantified 0.083), a similar trend was noted for ESA. Higher K oc values for metolachlor metabolites in CS compared with as described in Eq.
[4] ( Table 6 ). The model F test indicated a significant difference in values among VFSS may indicate a higher affinity of these compounds for the organic matter of the CS. This can occur when compounds and soils (Table 4) . Specifically, was different among compounds (Table 4 ). The value for there are differences in the physiochemical properties of the organic matter between soils (Kile et al., 1995;  metolachlor, ESA, and OA averaged across soils was 189, 582, and 2378, respectively. The value for meto- Rutheford et al., 1992; Seybold et al., 1994) .
The K oc values for metolachlor were greater than the lachlor was not different than the value for ESA (p ϭ 0.23). However, the value for metolachlor was lower K oc values for ESA and OA in both soils (Table 5) . Relative to metolachlor, K oc values for ESA and OA than the value for OA (p Ն 0.0001). Since higher values indicate greater hysteresis, our data indicate that were at least 83% lower in both soils. The water solubili- 
